Abstract Simple and rapid extraction of human genomic DNA remains a bottleneck for genome analysis and disease diagnosis. Current methods using microfilters require cumbersome, multiple handling steps in part because salt conditions must be controlled for attraction and elution of DNA in porous silica. We report a novel extraction method of human genomic DNA from buccal swab and saliva samples. DNA is attracted onto a gold-coated microchip by an electric field and capillary action while the captured DNA is eluted by thermal heating at 70°C. A prototype device was designed to handle four microchips, and a compatible protocol was developed. The extracted DNA using microchips was characterized by qPCR for different sample volumes, using different lengths of PCR amplicon, and nuclear and mitochondrial genes. In comparison with a commercial kit, an equivalent yield of DNA extraction was achieved with fewer steps. Room-temperature preservation for 1 month was demonstrated for captured DNA, facilitating straightforward collection, delivery, and handling of genomic DNA in an environment-friendly protocol.
Introduction
There are significant needs for simpler and higher throughput methods to extract human genomic DNA from body samples. DNA extraction is also crucial for medical, forensic, environmental, or military purposes [1] . Popular sources are saliva [2, 3] and buccal swab samples [4, 5] because the sample collection is minimally invasive.
For DNA extraction, solid-phase extraction methods using porous silica are commercially available [5, 6] . Cell lysates are infiltrated into silica micropores by high salt and chaotropic solutions, which bind DNA by electrostatic charge. After washing with alcohol, the DNA is eluted in a low salt solution by electrostatic repulsion. The extraction yield is high, but multiple centrifuge steps are required along with the use of toxic reagents. In the process, DNA can be degraded by alkaline solutions [7] [8] [9] and flow-induced shear of DNA [10] during centrifugation. For on-chip systems, silica chips [11] , silica beads [12] , or polymers [13] can be integrated into microfluidic devices. However, the actual use is limited to a small sample volume (e.g., 1 μL). In microfluidic devices, electric-fieldinduced methods have shown limited success to concentrate DNA in buffer solutions [14] [15] [16] . DNA extraction from human samples using an electric field has yet to be demonstrated.
Preservation of DNA at room temperature is also important to medical, forensic, environmental, and military purposes. In particular, long-term storage is a critical issue in genomic analysis [17] and forensic applications [18] . Preservation in aqueous solutions is detrimental to DNA molecules, susceptible to chemical changes [19] [20] [21] [22] . Extended storage requires freezing or the use of specialized preservatives [23] .
This paper reports a rapid DNA preparation method. DNA is attracted onto a microchip using an AC electric field and capillary action. The captured DNA is eluted in buffer by thermal heating at 70°C. Two protocols for buccal swab and saliva samples are presented. Using real-time PCR (qPCR), the yield of DNA extraction is compared with that of a commercial kit.
Materials and methods

Device operation
A DNA extraction device was designed to process four DNA samples in one batch (Fig. 1a) . Four chips were loaded on a plastic coupon (Fig. 1b) . Each individual chip has five microtips. In this paper, "microtip" means one of five microtips in a microchip, "microchip" means a whole chip composed of microtips and a silicon chip, and "a microtip device" means a prototype device in Fig. 1a . The microtips were made of 1-μm-thick silicon nitride layer supported on a 500-μm-thick silicon layer [24] . The top side of the microtips was coated with a 20-nm-thick gold layer for electrical connection and preservation of DNA. Metallic rings were used to suspend sample solutions by surface tension (Fig. 1c) .
For device operation, four sample solutions of 5 μL were suspended in the metal rings. The chips were immersed into the sample solutions as shown in the inset image of Fig. 1c . An AC voltage of 20 V pp (peak to peak voltage) at 5 MHz was applied between a chip and a ring for 30 s. The chips were withdrawn from the sample solutions at a speed of 100 μm/s with continuous application of an AC potential. After complete withdrawal, the chips were dried for 2 min in air. In the evaporation process, DNA could be adhered and preserved on the Au surface of microchips at room temperature. The captured DNA was eluted in PCR tubes by immersing microchips in 30 μL of 1× Tris-EDTA (TE) buffer, pH8.5, at 70°C for 4 min. In the DNA extraction process, 20 V pp was chosen to avoid electrical breakdown of sample solution on the microtips. In our previous study, λ-DNA spiked in buffer could be concentrated on to microtip surface by dielectrophoresis and electrokinetic flow [25] . An electric field of 10 MHz and a DC bias showed the highest capturing yield measured by a fluorescence microscope. However, such conditions attracted other charged particles, which inhibited qPCR reactions. In our repeated tests using human samples, an AC field between 100 kHz and 5 MHz showed the highest yield in qPCR. In the frequency region, 5 MHz was chosen because frequencies below 1 MHz could potentially attract PCR inhibitors.
Two kinds of samples, buccal swab and saliva, were collected from de-identified volunteers. Buccal swab samples were evaluated for a laboratory protocol while saliva samples were evaluated for a field-deployable protocol (Fig. 2) .
For buccal swab samples, Whatman (Piscataway, NJ) omni sterile buccal swabs were used. After sample collection, the swab was completely dried. For elution of cells, the swab was immersed in 1 mL of 1× TE buffer (pH7.5, Invitrogen, Carlsbad, CA, USA). After the vortexing of 30 s, sample volume of 700 μL was collected from one swab sample.
To evaluate the extraction yield, sample volumes of 5, 10, 50, and 100 μL were pipetted from a 700-μL extract. The sample solutions were lysed by using 600 AU/L proteinase-K (P-K) (Qiagen®, Valencia, CA) and sodium dodecyl sulfate (SDS) (Sigma-Aldrich, St. Louis, MO). For the large volumes of 50 and 100 μL, the sample solutions were centrifuged to make the final volumes of 10 and 20 μL, respectively. P-K of 1 μL (600 AU/L) and SDS of 4 μL (0.28 g/mL) were added per cell solution of 20 μL. After mixing of the reagents, the sample solution was heated at 60°C for 10 min to lyse the cells. An aliquot of 5 μL was subjected to processing by the microtip device. The captured DNA was eluted in PCR tubes by immersing chips in 30 μL of 1× TE buffer (pH8.5) at 70°C for 4 min. For a reproducibility test, 24 samples from different volunteers of 100 μL volume were tested only with the microtip device.
To compare the extraction yield with a commercial kit (Qiagen® QIAmp DNA mini kit), the sample volumes of 5, 10, 50, and 100 μL were also collected from the same extract in the same way as the microtip device. The 50-and 100-μL samples were not centrifuged before the use of the commercial kit. The commercial kit required about six centrifugation steps in the extraction process. To evaluate the potential damage of genomic DNA, both 100 and 1,500 bp of PCR amplicons were used for the extracted DNA from both the microchips and the commercial kit.
For saliva samples, SDS was added to obtain a final concentration of 0.08 g/mL. This was achieved by adding 4 μL of 2 g/mL SDS per 100 μL of saliva followed by vortexing for 10 s. The treatment may not have lysed cells but reduced the viscosity of saliva. Using microchips, DNA was captured from 5 μL of the processed samples. The captured DNA was eluted in PCR tubes in the same way as the buccal swab samples. For comparison with the commercial kit, 5 μL of the same saliva samples was used. For the evaluation of reproducibility, 24 saliva samples were tested by the microchips. To test the DNA integrity in 1-month preservation, 16 different chips were used to extract DNA from single sample mixture. The chips were stored in a vial at room temperature without dessicants. The DNA on the chips was tested at days1, 8, 15, and 30 (n=4 for each day). For the commercial kit, the eluted DNA was also tested likewise in parallel.
To measure the yield of extracted DNA from the microchips and the commercial kit, qPCR was mainly used (see Electronic Supplementary Material for qPCR analysis and gene sequences). UV measurement and gel electrophoresis were also attempted. However, because the concentrations of DNA and protein were smaller than 1 μg/mL, the results were not reliable, and hence not reported.
Results
When DNA was extracted from buccal swab samples with volumes of 5, 10, 50, and 100 μL, the average threshold cycles for the microtip device using the 100-bp amplicon were 23.92, 23.85, 21.22, and 21.87, respectively (Fig. 3a) .
The corresponding threshold cycles of the commercial kit were 25.58, 24.47, 22.10, and 21.49, respectively. For 1,500 bp amplicon, the microtip devices yielded threshold cycles of 27.37, 26.37, 23.38, and 22.99 for the sample volumes of 5, 10, 50, and 100 μL while the corresponding cycles of the commercial kit were 28.99, 27.09, 24.95, and 23.69 (Fig. 3b) . The performance of the microtip device was equivalent to that of the commercial kit in all volumes.
For saliva samples, the average threshold cycle of 100 bp amplicon of nuclear DNA for the microtip device was 25.95 ±0.21 while that of the commercial kit was 27.06±0.52 (Fig. 4a) . The average threshold cycle for 100 bp amplicon of mitochondrial DNA for the microtip device was 23.71± 0.65 while that of the commercial kit was 24.55±0.49. For the reproducibility test, DNA was extracted for 24 different saliva samples and tested only with microtip device. The threshold cycle using the microtip device was 25.18±1.50, which was also in the similar range of the average threshold cycle of the automated commercial device, 23.1±0.25 in literature [2] . For a preservation test, both 100 and 1,500 bp amplicons were used (Fig. 4b, c) . The threshold cycles for 100 bp amplicon showed the better results than those for 1,500 bp amplicon by two cycles. The threshold cyles were maintained for 1 month without significant damage. 
Discussion
In working principle, the electric field and the capillary effect were the dominant mechanisms for the DNA capture.
To investigate the contribution of the capillary effect and the electric field, λ-DNA molecules were used for the comparison. When λ-DNA molecules were used for the recovery, the difference between in the presence and absence of an electric field was 7 cycles for λ-DNA molecules in buffer (Electronic Supplementary Material, Fig. S1 ). When saliva samples were used, only 1∼2 cycle difference was observed with larger error bars in the absence of an electric field. The significantly higher yield in buffer could be caused by an electric field because dielectrophoresis was more dominant than capillary action in low-conductivity buffer. For saliva, capillary action became more dominant in complex samples. In this paper, both buccal swab and saliva samples were chosen in consideration of minimally invasive human samples. Both samples could be collected with minimal pain and treated with the reagents less than 5 μL. Such field collection capability was also aligned with the portable design of the microtip device. The device was designed to run 60 batches using eight of AA batteries. However, when the microtip device is applied for more complex human samples, such as blood, the DNA extraction protocol should be modified for more rigorous lysis and purification. For example, after capturing of DNA onto microtip surface, the tip should be washed to remove excessive protein and reagents. Such protocols are being developed to apply the microtip device for various samples.
In terms of an extraction yield of genomic DNA, the microtip device was similar to the commercial kit within an error range. In case of the buccal swab samples, the threshold cycles by qPCR were similar between the microtip device and the commercial kit. When four microchips ran for 100 μL of buccal swab samples, the total volume of the extracted DNA in buffer was 120 μL, which was similar to the elution volume of the commercial kit. Thus, the total mass of DNA was equivalent for the microtip device and the commercial kit. In the case of the saliva samples, the microtip device advanced the commercial kit by one or two cycles. But the elution volume was one quarter of the commercial kit. In an error range of 5 % (i.e., 1.5 in 30 cycles of qPCR analysis), the total mass of DNA was equivalent for both kits.
In terms of the procedure time, the microtip device was much faster and simpler than the commercial kit. The microtip device could extract DNA from saliva within 10 min. The commercial kit required about 30 min for one sample, including multiple centrifugation processes. The microtip device did not require a centrifugation step for the volumes smaller than 50 μL, which could reduce potential human errors. The centrifuge-free process could be also advantageous for zero-gravity environment, such as space applications.
In combination with the simple process, the microchip did not require any toxic solutions. Moreover, the smallest sample volume for DNA extraction was 1 μL with microtip. In the smaller volume, even the volume of reagent will be negligible. Therefore, the microtip device could facilitate environment-friendly extraction. The commercial kit required 2,000 μL of liquid phase reagents including 1,400 μL of toxic reagents, which also increased the risk of contamination. The performance of the microtip device is summarized in Table 1 in comparison with the commercial kit.
The microtip-based method could cause less shear of DNA than a porous silica-based method, which is advantageous for long-range PCR. To compare the damage of DNA in the microtip device and the commercial kit, gel electrophoresis and atomic force microscopy (AFM) were used for recovery study of λ-DNA from buffer (Electronic Supplementary Material, Fig. S1 ). By gel electrophoresis, the band of the microtip device was similar to that of the original λ-DNA solution. In contrast, the λ-DNA by the commercial kit appeared damaged, which was shown as the smeared band. However, in the qPCR analysis, the threshold cycles were the same. In qPCR using buccal swab samples, large error bars were observed for 1,500 bp (Fig. 3b) , indicating the damaged DNA molecules. In our AFM study, DNA of K562 human leukemia cells was extracted by the microtip device and the commercial kit (Electronic Supplementary  Material, Fig. S2 ). A few micrometer-long DNA was easily found for the microtip device. However, the presence of long DNA could not be clearly observed for the commercial kit. Considering the gel electrophoresis, AFM, and qPCR results, the microtip device could damage DNA less than the silica-based microfilters.
One of the major advantages of the microtip device is the capability of long-term preservation of genomic DNA in a dried form at room temperature. The preservation of DNA in liquid is known to damage more DNA than that under dried condition [22] . The storage capability enables field collection of DNA and does not require freezers or refrigerators, which has been a challenge for forensic analysis. One month storage of DNA from saliva samples was demonstrated in Fig. 4c . In addition, the DNA extracted from human cells could be preserved for 6 months (Electronic Supplementary Material, Fig. S3 ). The capability of the room temperature preservation renders the microtip device ideal for field-deployable collection of genomic DNA from saliva samples. Further preservation test for a long term (e.g., year) should be conducted to clearly differentiate the advantages of DNA storage in a dried condition.
For the scalability of the microtip device, the microchips are manufactured as an array by microfabrication steps. Using a 100-mm-diameter Si wafer, 350 chips are manufactured in one wafer (Fig. 5) . Typically 25~50 wafers are processed in one batch, which can significantly reduce the manufacturing cost and thus the assay cost. For a higher throughput, the microtip device does not require centrifuge steps, which yields the flexibility for a microwell-plate compatible design. For example, a 96 well-plate compatible microtip device can be developed to handle 96 samples simultaneously, which will be future work of the microtip device.
Conclusion
A prototype microtip device was developed and characterized for rapid DNA extraction by using microtips. A combination of an electric field and capillary action was used for attraction of DNA while thermal heating was used for the elution. The extraction yield in terms of qPCR was equivalent to that offered by a commercial kit. The environmentfriendly steps with less reagent could complete the DNA extraction less than 10 min from small-volume saliva samples. The simple process can also significantly reduce the assay cost and potential human errors. The long-term storage capability can facilitate easy collection of DNA for developing a database of human genomic DNA from saliva. The microtip device can potentially benefit human genome projects, disease diagnosis, and forensic analysis by reducing the initial barrier of high-throughput sample preparation.
